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ABSTRACT 
Phytoremediation of polycyclic aromatic hydrocarbons (PAHs) is inconsistent and 
the microbial mechanisms involved are unclear. We evaluated the effect of annual 
ryegrass (Lolium multiflorum Lam.) and P availability on the degradation of pyrene ( 600 
mg kg-1 dry soil) in the top 7.5-cm of a Cecil sandy loam (fine, kaolinitic, thennic Typic 
Kanhapludults) over a 10-month experiment under field conditions in Clemson, SC. 
Changes associated with the soil microbial community were also evaluated. Plastic 
canopies were installed to prevent leaching and raindrop dispersion of pyrene. Treatment 
factors were pyrene vegetation, and available P levels in a complete factorial experiment 
with four replications. The soil was adjusted to an average of 42 or 66 kg extractable P 
h -1 a . 
After a 175-d lag period for all treatments, pyrene biodegradation followed frrst-
order kinetics. The first-order rate constant was significantly higher in non-vegetated 
(0.098 d- 1) than vegetated (0.034 d-1) treatments. This suggests that the presence of easily 
biodegradable organic matter slowed microbial degradation of pyrene. Levels of 
available P did not affect pyrene biodegradation rate. Pyrene decreased below the 
detection limit (6.25 mg kg-1 dry soil) in all treatments after 301 d. 
Total aerobic heterotrophs, fluorescent pseudomonads, fungi, spore fo11ners , and 
actinomycetes were enumerated by plate counts at four time periods. At 259 d, a 
rhizosphere effect for total aerobic heterotrophs was identified in the 0- to 7.5-cm and not 
in the 10- to 15-cm depth. At greater soil depth, where carbon might become a limiting 
factor, root exudates likely created a substantial rhizosphere effect by reducing the C 
75 
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deficit. No effect of pyrene on root microbial numbers was identified. Fluorescent 
pseudomonad numbers on the roots increased as the roots matured. Microbial numbers in 
non-rhizosphere soil were stable over time. Over 300 bacterial isolates from non-
rhizosphere soil and roots were identified by fatty acid methyl ester (FAME) analysis. 
Significant numbers of Pseudomonas putida and Arthrobacter protomorphiae/ramosus 
were found only on roots. Bacillus megaterium and Cellulomonas fimi were more 
numerous in non-rhizosphere soil than on roots. Shifts over time in the soil microbial 
community structure were identified by whole-soil FAME analysis and a distinct shift 
was correlated with the degradation of pyrene. The presence of plants and pyrene affected 
the soil microbial community. Some changes remained after the disappearance of pyrene 
and the death of rye grass. 
Phytoremediation for P AHs appears to be site-specific and remediation may be 
reduced when plant roots provide a readily available substrate for microbial growth. 
Identifying parameters involved and explaining differences in the rates of P AH 
phytoremediation is necessary to develop this technique as a recognized method for the 
clean up of contaminated sites. 
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CHAPTER 1 
EFFECTS OF ANNUAL RYEGRASS (LOLIUM MULTIFLORUMLAM.) 
AND SOIL PAV AILABILITY ON PYRENE 
BIODEGRADATION IN A CECIL SOIL 
Abstract 
Phytoremediation of polycyclic aromatic hydrocarbons (P AHs) is inconsistent. 
We evaluated the effect of annual rye grass (Lolium multiflornm Lam.) and P availability 
on the degradation of pyrene added at a concentration of 600 mg kg-1 dry soil in the top 
7.5 cm of a Cecil sandy loam (fine, kaolinitic, the11nic Typic Kanhapludults) in a 10-
month experiment under field conditions in Clemson, SC. Plastic canopies were installed 
to prevent leaching and raindrop dispersion of pyrene. Treatment factors were pyrene, 
vegetation, and available P levels. Each of the eight treatments had four replicates. The 
soil was adjusted to an average of 42 or 66 kg extractable P ha-1• After a 175-d lag period 
for all treatments, pyrene biodegradation followed first-order kinetics. The frrst-order rate 
constant was significantly higher in non-vegetated (0.098 d- 1) than vegetated treatments 
(0.034 d-1). This suggests that the presence of easily biodegradable organic matter slowed 
microbial degradation of pyrene. Levels of available P did not affect pyrene 
biodegradation rate. Pyrene decreased below the detection limit of 6.25 mg kg-1 dry soil 
in all treatments after 301 d. Phytoremediation for PAHs appears to be site-specific and it 
• 
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may be reduced when plant roots provide a more readily available substrate for microbial 
growth. 
Introduction 
Polycyclic aromatic hydrocarbons (P AHs ), molecules composed of two or more 
benzene rings arranged in different configurations, are common soil contaminants. They 
are found in particularly high levels at coal gasification and creosote-contaminated sites 
(Mueller et al. , 1989; Reilly et al. , 1996). 
P AHs are degraded essentially through microbial attack with the degradation rate 
usually decreasing with an increasing nwnber of rings (Bossert and Bartha, 1986; Aprill 
and Sims, 1990). P AHs with four or more rings are of special concern because of their 
high persistence and potential carcinogenic properties (Dingyi et al. , 1996). Among 
P AHs with the same number of rings, those that are more condensed are usually less 
susceptible to biodegradation (Alexander, 1994). However, the biodegradation rate in the 
soil often correlates best to water solubilities (Bossert and Bartha, 1986). With four 
highly condensed rings and an octanol-water partition coefficient (log ~w) of 5.32, 
pyrene is relatively recalcitrant to biodegradation (Bossert and Bartha, 1986; Sims and 
Overcash, 1983). Although current data are inadequate to prove pyrene carcinogenicity, 
the closely related benzo(a)pyrene is an animal and a probable human carcinogen (Epuri 
and Sorensen, 1997; U.S. EPA, 2000). 
Traditional clean-up techniques for P AH-contaminated soils involve expensive 
chemical or physical treatments ( e.g., incineration and land disposal). Because these 
methods often require excavation, they increase potential transfer of contaminants to the 
3 
atmosphere (Qiu et al., 1997). In situ bioremediation techniques, such as landfarrning and 
phytoremediation, may constitute a more effective and less expensive option for clean up 
of PAR-contaminated sites (Bollag and Bollag, 1995). 
Phytoremediation, a biological process in which plants and microorganisms 
associated with roots detoxify contaminated soils, has been tested on P AHs. Some studies 
show phytoremediation enhances the degradation of some P AHs, including pyrene and 
benzo(a)pyrene (Aprill and Sims, 1990; Banks et al., 1999; Reilly et al., 1996), while 
other studies showed no significant effect of vegetation (Qiu et al., 1997; Gunther et al., 
1996). These inconsistent results and mechanisms of dissipation with phytoremediation 
have not been explained (Schwab et al., 1998; Wetzel et al., 1997). The diversity of 
contaminants, soils, and plants makes generalizations difficult. Grasses are the most 
common plants evaluated. The large surface area of their fibrous roots and their intensive 
penetration of soil offer advantages for phytoremediation of organic compounds (Giinther 
et al., 1996). Nevertheless, no grass species is known to enhance P AH degradation more 
than other grass species (Reilly et al., 1996). Soil nutrients are important in 
phytoremediation because good soil fertility promotes good plant growth. It has been 
suggested that available P might be critical for biodegradation (Smith et al., 1998). Few 
studies document this aspect of phytoremediation. 
The objectives of this research were to evaluate the effects of annual ryegrass 
(Lolium multiflorum Lam.) and soil P availability on the degradation of pyrene in a Cecil 
soil. 
Materials And Methods 
Experimental Design 
4 
The experimental field was located in Clemson, SC. Treatment factors were 
pyrene, vegetation, and available P levels in a complete factorial experiment. Each of the 
eight treatments had four replicates and the 32 units were randomly assigned to bins in 
the field. Bins were 0.9-m diameter steel drums cut off at the bottom and top. Each drum 
was buried in such a manner that it extended 30 to 45 cm into the air and into the soil. 
Each bin was covered with a plastic canopy to prevent flooding, leaching, and raindrop 
dispersion of pyrene absorbed onto soil particles. Canopies were designed not to affect 
ryegrass photosynthesis, ambient air temperature, and circulation of atmospheric gases. A 
2x.2x0.9-cm metal frame made out of conduit pipes and shaped as an inverted U was 
placed over each bin and held 60 cm abo e the ground on four metal legs. A 6-mil plastic 
sheet was laid on the top and sides of each frame \\1ith large binder clips. A 25x4-cm high 
vent was installed on each side to prevent accumulation of hot air (Appendix A . 
Soil Treaunent 
Bins contained a Cecil sandy loam (fine kaolinitic ther111ic Typic 
Kanhapludults), a typical Piedmont soil in South Carolina. The soil had been covered 
with weeds or winter wheat (Triticun1 aestivurn Lam.) for the past four years. Soil N and 
K contents were adjusted according to nutrient management guidelines for annual 
ryegrass growth (Mylavarapu and Franklin, 1998). Soil available P contents \Vere 
adjusted to provide high and low P treatments levels. Soils were limed to adjust the pH to 
6.0 to ensure good plant growth and microbial activity. Available P (Table 1), soil 
5 
organic matter, pH, and K (Table 2) were dete11nined in the Agricultural Service 
Laboratory of Clemson University before and after fertilization, following procedures 
described in Donohue (1992). 
Table 1. Available P content of soil from non-contaminated t bins collected 16 October 
1998 after adding specific amounts of P20 5 to reach management guidelines for annual 
rye grass. 
Treatment 
Ryegrass Replicate 
No 1 
No 2 
No 3 
No 4 
Yes 1 
Yes 2 
Yes 3 
Yes 4 
Average 
Targeted values 
LowP HighP 
---kg ha-1---
49 
27 
50 
26 
30 
47 
63 
36 
41 ± 13.3 
28 
58 
49 
98 
38 
62 
72 
41 
112 
66.2 ± 26.6 
56 
t For safety reasons, only non-contaminated (pyrene-
free) samples were analyzed. 
Pyrene was added to the top 7 .5 cm of soil ( 12 October 1999) at a target 
concentration of 500 mg kg- 1 of soil. This marked Day 0. Pyrene-amended soils will be 
referred to as contaminated treatments. To incorporate pyrene into the soil, 36.3 g of 
pyrene crystals (Sigma Chemical Co., St. Louis, MO) were dissolved in 750 mL of 
acetone. The top 7 .5-cm of soil was removed from each bin. To ensure a 11nifor111 
soil/pyrene mixture, the acetone-pyrene solution was slowly added to the soil in 
6 
Table 2. Amounts of K, pH and organic matter (OM) of soil from non-contaminatedt 
bins bef oret and after§ adding specific amounts of lime and K20 to reach management 
guidelines for annual ryegrass. 
Ryegrass p Replicate Kt K§ pHt pH§ OMt OM§ 
kg ha-1 % 
No Low 1 122 228 5.6 6.0 3.0 3.0 
No Low 2 99 189 5.7 6.1 ,r 
No Low 3 102 211 5.8 5.5 
No Low 4 83 171 5.6 6.2 3.1 3.1 
No High 1 77 274 5.7 6.1 3.0 
No High 2 94 157 5.7 6.1 
No High 3 94 253 5.7 6.2 
No High 4 74 277 5.7 6.0 
Yes Low 1 6.0 
Yes Low 2 77 296 5.6 6.1 
Yes Low 3 102 245 5.6 6.0 3.4 3.4 
Yes Low 4 91 112 5.7 6.3 2.7 
Yes High 1 88 237 5.6 6.1 
Yes High 2 90 178 5.6 6.1 3.2 2.8 
Yes High 3 116 196 5.8 7.5 
Yes High 4 92 198 5.9 5.8 
t For safety reasons, only non-contaminated (pyrene-free) samples were analyzed. 
t Collected 25 May 1998. 
§ Collected 16 Oct. 1998. 
,r A cell with no value indicates that the sample was not analyzed. 
7 
a cement mixer turning at 20 rpm for approximately 15 min. Lime, N, P, and K were 
added to the soil in the cement mixer along with the acetone-pyrene solution. Acetone 
without pyrene, lime, and fertilizers were added to non-contaminated treatments 
following the same protocol. 
Plant Establishment 
Annual ryegrass cv. Marshall was selected because it is a common winter grass, is 
well-adapted for many soil types, and has a high level of tolerance to climatic variations. 
Its seedling establishment is usually rapid and easy (Jung et al., 1996). The seeds were 
sown (16 October 1999) at a winter forage density of 33.6 kg of seeds ha-1• Germination 
occurred 3 to 4 d later. To ensure a unifor111 cover, seeds were resown 2 wk later at a 
density of 11 kg of seeds ha-1• Soils with ryegrass will be referred to as vegetated 
treatments. Field capacity (approximately -0.03 MPa) was previously dete1r11ined by 
pressure plate technique to be 12% (w/w). To provide adequate moisture for the growing 
crop, approximately 25 mm of water were added to each bin each week in two 
increments. To keep a non-rhizosphere soil, weeds were removed periodically by hand 
from non-vegetated bins. 
Sample Collection 
From October 1998 to August 1999, two 7.5-cm deep soil samples were collected 
from each bin every other week and were mixed before analysis. On 1 July 1999, samples 
were also taken 10 to 15 cm deep in all contaminated bins to dete11nine leaching of 
pyrene. Each sample hole was refilled with similar soil, and marked with a stake. A zone 
8 
5 to 10 cm from the drum metal partition was not sampled to eliminate any edge effects. 
Samples were randomly distributed over the surface of the bin but at least 10 cm away 
from each other. Pooled soil core samples (approximately 30 to 40 g wet weight) were air 
dried overnight in a fume hood. Dried samples were kept at -20°C to prevent microbial 
activity. For bins containing plants, roots were removed from the rest of the soil with 
forceps, and stored moist at 4 °C. Therefore, analyzed soil did not contain roots. Dry 
weight was dete11nined by drying approximately 3 g wet soil at 105°C for 24 h, and 
approximately 0.5 g wet roots at 60°C for 3 d. 
Soil Pyrene Concentration 
Pyrene Extraction 
Pyrene was extracted by sonication. EPA Methods 3500 and 3550 were followed 
with minor modifications (USEP A, 1986). Soil amended with pyrene was extracted on 
days 7, 21 , 49, 91 , 133, 175, 189, 217, 259, and 301. All bins without pyrene were also 
extracted. A 2.0-g sample of air-dried soil was transferred to a screw cap test tube with 
Teflon-lined caps, and 2.0 g of sodium sulfate was added to each test tube to absorb any 
potential residual humidity. A 4.0-mL sample of hexane was added, as well as 1.0 mL of 
hexane solution containing 100-µg squalene mL-1 as an internal standard to measure 
extraction efficiency. Each tube was placed in an ultrasonic bath (Branson, Shelton, CT) 
for 4 h. The pyrene-hexane extract was passed through a Pasteur pipet column 
containing a glass wool plug and a 1-cm column of sodium sulfate, and emptied into a 
25-mL volumetric flask. An additional 5.0-mL of hexane was added to the test tube. 
After vortexing for 30 sec, the additional hexane-pyrene solution was added to the pipet 
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column. This was repeated until a total volume of 25 mL was collected. The contents of 
the flask were mixed thoroughly and a 1-mL sample was transferred to an autosampler 
vial. Extracted samples were left open under the hood overnight until the hexane was 
completely evaporated. Immediately prior to gas chromatography analysis, each sample 
was redissolved in 1.0 mL of hexane. 
Gas Chromatography 
Pyrene extracts were analyzed with a Hewlett Packard 6890 gas chromatograph 
equipped with a flame ionization detector. The capillary column was crosslinked methyl 
siloxane (internal diameter, 0.2 mm; film thickness, 0.33 µm; length, 25 m). The injector 
temperature was 250°C and the detector temperature was 300°C. The carrier gas was H2 
at 0.8 mL min-1• Detector gases were H2, air, and N2 at flow rates of 30, 400, and 30 mL 
min-1, respectively. Pyrene was analyzed with the following temperature program: initial 
temperature, 170°C; time, I min; ramp at 8°C min-1 until 300°C (holding for 2.75 min). 
Total run time was 20 min with post run temperature at 50°C. Sample quantification was 
based on comparison to standards of pyrene (25 ng µL- 1 and 100 ng µL- 1) and squalene (5 
ng µL- 1). The calibration table was comprised of standards with retention times of 6.6 and 
12.6 min for pyrene and squalene, respectively. 
Results Analysis 
Samples were measured as ng of pyrene per µL of hexane and converted to mg of 
pyrene per kg of dry soil. Results were corrected for extraction efficiency calculated 
based on the squalene standard and plotted on semilogarithmic plots. First-order kinetic 
10 
coefficients (pyrene removal rates) were deter11lined by linear regression analysis of the 
natural logarithm of pyrene concentration values versus time in days, as described in 
Bausmith and Neufeld (1999), using SAS version 6.12 (SAS Institute, Cary, NC). Values 
at the detection limit level (6.25 mg kg-1 dry soil) were included in the analysis when 
increasing the slope of the regression lines. Pyrene concentration results corrected for 
extraction efficiency were also subjected to analysis of variance (ANOV A) with soil P 
availability and presence of annual ryegrass as the experimental factors. Differences 
among treatments were compared with Fischer's least significant difference (P < 0.05) 
test. · 
Results and Discussion 
Effect of Available P on Pyrene Degradation 
Initial pyrene concentrations ranged from 707 to 413 mg kg- 1 soil dry weight: with 
an average of 572 ± 77 mg kg-1 soil dry weight. I o pyrene vlas detected in the non-
contaminated bins. Soil analysis showed that available P levels were high in both 
available P treatments but were statistically different (P == 0.05; Table 1). Up to 175 d ( 
October 1998 to the beginning of April 1999) pyrene disappeared slowly and 
concentrations were not statistically different betvleen high and low P treatments, for 
vegetated (Fig. 1) or non-vegetated treatments (Fig. 2). Such a preliminary lag phase has 
been reported for the degradation of various compounds in soil (Bausmith and Neufeld, 
1999). Kastner et al. (1994) found at different contaminated sites from 103 to 105 CFU of 
bacteria g-1 soil dry weight, able to grow on anthracene, phenanthrene, fluoranthene, or 
pyrene as a sole source of carbon. They concluded that bacteria able to mineralize P AHs 
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up to four rings are ubiquitous in soil. However, build-up of an efficient pyrene-
degrading microbial population in a competitive environment is not instantaneous. 
Induction of specific enzymes, and genetic exchange often necessitate an acclimation 
period, required for the degrader population to reach a sufficient level to allow rapid 
biodegradation of the compound (Crowley et al., 1997). 
The end of the acclimation period around Day 175 matched with the increase in 
air and soil temperature and rapid plant growth. Extractable pyrene concentrations 
decreased significantly after 175 d for all treatments, following first-order kinetics. 
Pyrene removal rate constants in this second phase were not statistically different 
between available P levels for vegetated or non-vegetated treatments. Therefore, under 
our conditions, available P was not a limiting factor for pyrene removal. 
Effect of Rye grass on Pyrene Degradation 
Because no effect of available P levels could be detected on pyrene removal, the 
two sets of eight pyrene-contaminated units with and without ryegrass were used as 
replicates to evaluate the effect of ryegrass on pyrene disappearance in soil (Fig. 3). 
Pyrene removal exhibited a similar 175-d lag period for both vegetated and non-vegetated 
treatments. 
Extractable pyrene concentration decreased after 175 d, following first-order 
kinetics. The pyrene removal rate constant was higher for non-vegetated (0.098 ± 0.010 
d-1) than vegetated treatments (0.034 ± 0.003 d-1) and pyrene was below the detection 
-level of 6.25 mg per kg of dry soil after 260 and 301 d, respectively. In a lightroom 
experiment for phytoremediation of pyrene using a Dothan loamy sand (fine-loamy, 
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kaolinitic, the1mic Plinthic Kandiudults) from Georgia and annual ryegrass, pyrene 
concentration remained relatively unchanged over the 182-d sampling period in the 
planted treatments, but decreased from 400 to 175 mg kg-1 (approximately 56°/o) in the 
non-vegetated treatments (Olexa, 1999). Qiu et al. (1997) also observed that a mixture of 
high molecular weight P AHs disappeared faster in non-vegetated soil. Sampling O to 30 
and 30 to 60 cm deep, they found in a three-year field study that concentrations of 
chrysene, benzo(b )fluoranthene, benzo(k)fluoranthene, benzo( a )pyrene, 
dibenz( a,h)anthracene, benzo(g,h,i )perylene, and indenol( 1,2,3 ,cd)pyrene were higher in 
vegetated than in non-vegetated control plots after 757 d. They proposed that organic 
acids and phenols released from roots might have increased the apparent solubility of 
P AHs, making them more extractable over time. The increase of soil organic matter in 
vegetated plots may also have induced more sorption of pyrene to the soil matrix 
reducing pyrene bioavailability while maintaining its exctractability. Plants also change 
the water distribution in soil and could have indirectly affected pyrene bioavailability. 
The presence of relatively easily degradable organic matter as root exudates and dead 
root material could have discouraged microorganisms from metabolizing recalcitrant 
pyrene molecules. In contrast with these findings enhanced biodegradation of high 
molecular weight P AHs in the rhizosphere has been reported (Aprill and Sims 1990; 
Reilly et al., 1996; Epuri and Lorensen, 1997; Ferro et al., 1994, 1997). In other studies, 
no effect on P AH degradation due to vegetation was identified (Gunther et al., 1996; 
Gentry and Wolf, 1999, unpublished work). All these results suggest that 
phytoremediation of P AH-contaminated soil appears to be site- and plant-specific. 
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The first-order pyrene removal rates in our study were in the upper part of the 
range of values commonly reported. Non-rhizosphere dissipation was especially high. 
Extremes in pyrene degradation rates can be attributed to variations in environmental 
factors, methodology, and biological components. Because of our experimental design, 
non-vegetated treatments approximated landfa11ning conditions. In the top 7.5-cm of soil, 
aerobic conditions were likely, and organic matter and soil temperature were relatively 
high. Appropriate levels of water, N, P and K were also provided. After a lag phase of 
175 d, half-lives of 7 and 20 d were calculated for vegetated and non-vegetated 
treatments, respectively. Howard (1991) measured half-lives in soil ranging from 210 d to 
5.2 yr based upon aerobic soil die-away test data at 10-30°C. Park et al. (1990) reported 
half-lives of 198 and 257 d in two sandy loam soils amended with 700 mg pyrene kg-1 
soil. Sims and Overcash (1983) reported half-lives of 3, 10.5, and 35 d with initial soil 
pyrene concentrations of 5, 500, and 3.1 mg kg-1 soil, respectively. It is arguable that the 
diversity of P AHs present at contaminated sites causes complex interactions in the soil 
microbial community that are unacco11nted for when studying only one P AH. 
Pyrene Fate and Pyrene Effect on Ryegrass 
Photodegradation, volatilization, and plant uptake are not significant pathways of 
dissipation for high molecular weight PAHs such as pyrene (Sims and Overcash, 1983; 
Park et al., 1990). In samples collected 10.2 to 15.2 cm deep at 259 d, pyrene was below 
the detection limit. Thus, leaching of pyrene did not occur, limiting its fate to 
biodegradation and soil sorption. Disappearance of P AHs with three or more rings- is 
mainly due to the activity of microorganisms, but part of the overall decrease over time in 
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our data is also probably due to strong sorption of pyrene to the soil matrix. Indeed, 
pyrene may fo11n bound residues or non-extractable soil complexes. Microbial activity 
enhances this irreversible sorption because partially oxidized P AHs such as hydroxy lated 
aromatic compounds can covalently bind to soil particles and these residues are unlikely 
to be mobilized again (Eschenbach et al ., 1998). This process can be of practical interest 
since regulations about cleanup of contaminated soils are often based on solvent 
extractabilities (Epuri and Sorensen, 1997). However, P AH-bound residues have not been 
studied for their long-ter 1r1 stability or their toxicity. 
At the early stage ryegrass exhibited 10 to 20% visual stunting in pyrene-
contaminated treatments. Later all plants were healthy and no clear distinction in 
ryegrass growth could be obsef\1ed ben.veen contaminated and non-contaminated 
treatments. Results indicate that annual ryegrass can establish and survive in pyrene-
contaminated soil at a concentrations of at least 600 mg kg- 1 dry soil. A distinct reduction 
in the ge1111ination of cool-season \11eeds dominated by chick\\1eed Stellaria sp. Lam) 
and henbit (La1r1iu,r1 sp. Lam was ob en1ed in presence of pyrene. 
Conclusions 
Once past the early stage of growth~ a1U1ual ryegrass sho\ved no phytotoxicity at 
an initial concentration of 600 mg pyrene kg-1 dry soil. Pyrene did not leach through the 
profile. Volatilization and plant uptake were not measured, but are generally recognized 
as insignificant fates for high molecular weight P AHs undergoing phytoremediation. 
Microorganisms should be regarded as most likely responsible in all treatments for the 
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disappearance of pyrene. Pyrene may have partly sorbed to soil to fo11n non-extractable 
bound residues as well. 
Available P levels did not affect pyrene dissipation, but the presence of a 
rhizosphere did. Vegetated and non-vegetated treatments had a similar 175-d lag period, 
but the presence of annual ryegrass slowed the pyrene first-order degradation rate from 
0.098 to 0.034 d- 1 after 175 d. The presence of easily degradable soil organic matter in 
vegetated treatments is likely responsible for less pyrene degradation. However, by 
providing appropriate water and nutrients, pyrene disappeared below the detection level 
for all treatments after 301 d. The slower pyrene removal rates due to the presence of 
ryegrass might be of no practical significance for the clean up of a P AH-contaminated 
site when compared to the benefits of vegetation for reducing soil erosion. 
Phytoremediation of P AH-contaminated sites appears to be site-specific. Identifying 
parameters involved and explaining differences in the rates of P AH phytoremediation is 
necessary to develop this technique as a recognized method for the clean up of 
contaminated sites. 
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CHAPTER II 
EFFECTS OF ANNUAL RYEGRASS (LOLIUM MULTIFLORUMLAM) AND 
PYRENE ON THE MICROBIAL COMMUNITY OF A CECIL SOIL 
Abstract 
Microbial mechanisms involved in the phytoremediation of polyaromatic 
hydrocarbons (PAHs) in soil are unclear. Effects of annual ryegrass (Lolium multiflorum 
Lam.) and pyrene on the microbial community of Cecil sandy loam (fine, kaolinitic, 
the1111ic, Typic Kanhapludults) were evaluated in a 10-month phytoremediation study 
under field co·nditions. Pyrene and vegetation treatments were organized in a completely 
randomized factorial design with eight replicates. Total aerobic heterotrophs, fluorescent 
pseudomonads, fungi, spore fo11ners, and actinomycetes were enumerated by plate co11nts 
at four time periods. At 259 d, a rhizosphere effect was identified in the 0- to 7.5-cm 
depth for fluorescent pseudomonads and fungi . In the 10- to 15-cm depth, a rhizosphere 
effect was identified for total aerobic heterotrophs and fluorescent pseudomonads. No 
effect of pyrene on root microbial numbers was identified. Fluorescent pseudomonad 
numbers on the roots increased as the roots matured. Microbial numbers in non-
rhizosphere soil were stable over time. Over 300 bacterial isolates from non-rhizosphere 
soil and roots were identified by fatty acid methyl ester (FAME) analysis. Significant 
numbers of Pseudomonas putida and Arthrobacter protomorphiae/ramosus were found 
only on roots. Bacillus megaterium and Cellulomonas fimi were more numerous in non-
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rhizosphere soil than on roots. Shifts over time in the soil microbial community structure 
• 
were identified by whole-soil FAME analysis and a distinct shift correlated with the two 
phases of pyrene dissipation. Presence of both plants and pyrene affected the soil 
microbial community. Some changes remained after the disappearance of pyrene and the 
death of ryegrass. 
Introduction 
Polycyclic aromatic hydrocarbons (PAHs) are common soil contaminants 
composed of several benzene rings arranged together (Bollag and Bollag, 1995). High 
molecular weight P AHs are of particular concern because most of them are both 
recalcitrant and suspected carcinogens (Aprill and Sims, 1990). Pyrene is a P AH 
constituted off our benzene rings, and its low water solubility and high degree of sorption 
limit its availability to microorganisms. In addition, the highly condensed nature of its 
rings and their high resonance energy hinders enzymatic attack. Nevertheless, numerous 
studies have shown that both bacteria and fungi can mineralize or partially degrade 
pyrene, using it as a growth substrate or via cometabolism (Banks et al., 1999; Churchill 
et al., 1999; Kastner et al., 1994; Lange et al., 1996; Launen et al., 1995; Sack and 
Fritsche, 1997; Wiesche et al., 1996). The relative fungal and bacterial contributions are 
likely contaminant- and site-specific (Gentry, 1998). Biodegradation of PAHs is 
primarily an aerobic process although it can occur at a low rate under sulfate-reducing 
conditions (Coates et al., 1996). 
Microbial numbers are higher in the rhizosphere than in the rest of the soil 
• 
because high concentrations of organic products are released through the roots (Rovira, 
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1956, 1991). Generally, the population density of microorganisms increases near plant 
roots. This increase is often reported to explain enhanced degradation in the rhizosphere 
(Cunningham and Ow, 1996). However, other factors such as favorable pH and moisture, 
cometabolism induced by root exudates, increased genetic exchange, fortuitous increase 
in microbes able to degrade the contaminant, or an increase in the contaminant 
concentration around the roots because of plant evapotranspiration might also play an 
important role (Crowley et al., 1997). 
Phytoremediation is the biological process in which plants and microorganisms 
associated with roots detoxify contaminated soils. Phytoremediation may constitute an 
effective and inexpensive in situ option for the clean up of sites polluted with P AHs. 
Phytoremediation enhanced the degradation of some high molecular weight P AHs in soil, 
including pyrene and benzo(a)pyrene (Aprill and Sims, 1990; Banks et al., 1999; Reilly et 
al., 1996). However, in some studies vegetation did not significantly increase P AH 
degradation, or even bad the opposite effect (Epuri and Sorensen, 1997; Gilnther et al., 
1996; Qiu et al., 1997; Olexa., 1999). Microbial mechanisms involved in the 
phytoremediation of P AH-contaminated soils are not fully identified (Schwab et al., 
1998; Wetzel et al., 1997). Therefore, an understanding of the rhizosphere ecology and 
different plant-soil-microbe interactions are necessary to predict to what extent plants 
will affect the concentration of a contaminant in soil (Crowley et al., 1997). 
Our objective was to identify specific changes in soil and root microbial 
communities during phytoremediation of pyrene. A 10-month field study was conducted. 
Quantitative aspects of the microbial populations were assessed by plate counts of roots 
and soil with selective media. Qualitative aspects were dete1111ined through the 
• 
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identification of bacteria isolated from soil and roots with fatty acid methyl ester (FAME) 
analyses and through analyses of whole-soil FAME profiles. 
Materials and Methods 
Experimental Design 
The experimental site was located in Clemson, SC. Treatment factors were 
presence and absence of pyrene and vegetation, organized in a completely randomized 
factorial experiment. Each of the four treatments had eight replicates and the 32 units 
were randomly assigned to bins in the field. Bins were 0.9-m diameter steel drums cut off 
at the bottom and top. Each bin was buried in such a manner that it extended 30 to 45 cm 
into the air and into the soil. Each bin was covered with a plastic canopy to prevent 
flooding, leaching, and raindrop dispersion of pyrene adsorbed onto soil particles. 
Canopies were designed not to affect ryegrass photosynthesis, ambient temperature, and 
circulation of atmospheric gases. A 2x2x0.9-cm metal frame made out of conduit pipes 
and shaped as an inverted U was placed over each bin and held 60-cm above the ground 
on four metal legs. A 6-mil plastic sheet was laid on the top and sides of each frame with 
large binder clips. A 25x4-cm high vent was designed on each side to prevent 
accumulation of hot air (Appendix A). 
Soil Treatment 
Bins contained Cecil sandy loam (fme, kaolinitic, the11nic, Typic Kanbapludults), 
a typical Piedmont soil in South Carolina. The soil was covered with weeds or winter 
wheat (Triticum aestivum Lam.) for the past four years. Soil N and K contents were 
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adjusted according to nutrient management guidelines for annual rye grass growth 
(Mylavarapu and Franklin, 1998). Soil pH was raised to 6.0 to ensure good plant growth 
and microbial activity. Soil organic matter, pH, available P, and K (Table 3) were 
dete11nined in the Agricultural Service Laboratory of Clemson University before and 
after fertilization, following procedures described in Donohue (1992). 
Pyrene was added to the top 7.5-cm of soil (12 October 1999), at a target 
concentration of 500 mg kg-1 of soil. This marked Day 0. Pyrene-amended soils will be 
referred to as contaminated treatments. To incorporate pyrene into the soil, 36.3 g of 
pyrene crystals (Sigma Chemical Co., St. Louis, MO) were dissolved in 750 mL of 
acetone. The top 7.5-cm of soil was removed from each bin. To ensure unifo1111 
soil/pyrene mixture, the acetone-pyrene solution was slowly added to the soil in a cement 
mixer turning at 20 rpm for approximately 15 min. Lime, N, P, and K were also added to 
the top 7 .5-cm of soil at the same time. Acetone without pyrene, lime, and fertilizers were 
added to the soil in non-contaminated treatments following the same protocol. 
Plant Establishment 
Annual ryegrass cv. Marshall was selected because it is a common high-quality 
winter grass well adapted for many soil types and with a high level of tolerance to 
climatic variations. Its seedling establishment is rapid and easy (Jung et al., 1996). The 
seeds were sown (16 October 1999) at a winter forage density of 33.6 kg of seeds ha-1• 
Ger111ination occurred 3 to 4 d later. To ensure a unifo1111 cover, seeds were resown 2 wk 
later at a density of 11 kg of seeds ha-1• Soils with ryegrass will be referred to as 
vegetated treatments. Field capacity (approximately -0.03 Mpa) was 
Table 3. Amounts of P and K, pH and organic matter (OM) for soil of non-contaminated binst before:f: and after§ adding specific 
amounts of lime and K20 to reach management guidelines for annual ryegrass. 
Treatment P:f: P§ K:f: K§ pH:f: pH§ 
Ryegrass p ReQlicate kg ha- 1 
No Low 1 13 49 122 228 5.6 6.0 
No Low 2 6 27 99 189 5.7 6.1 
No Low 3 15 50 . 102 211 5.8 5.5 
No Low 4 4 . 26 83 171 5.6 6.2 
No High 1 11 58 77 274 5.7 6.1 
No High 2 11 49 94 157 5.7 6.1 
No High 3 15 98 94 253 5.7 6.2 
No High 4 10 38 74 277 5.7 6.0 
Yes Low I 30 330 6.0 
Yes Low 2 6 47 77 296 5.6 6.1 
Yes Low 3 8 63 102 245 5.6 6.0 
Yes Low 4 7 36 91 112 5.7 6.3 
Yes High 1 9 62 88 237 5.6 6.1 
Yes 1-ligh 2 13 72 90 178 5.6 6.1 
Yes High 3 9 41 116 196 5.8 7.5 
Yes High 4 10 112 92 198 5.9 5.8 
t For safety reasons, only non-contaminated (pyrene-free) samples were analyzed. 
:f: Collected 25 May 1998. 
§ Collected 16 Oct. 1998. 
if A cell with no value indicates that the sample was not analyzed. 
OM:f: OM§ 
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previously detennined by pressure plate technique to be 12% (w/w). To provide adequate 
moisture for the growing crop, approximately 25 mm of water were added to each bin 
each week in two increments. Weeds were removed periodically by hand from non-
vegetated bins to keep a non-rhizosphere soil. 
Sample Collection 
From October 1998 to August 1999, two 7.5-cm deep soil subsamples 
(approximately 30 to 40 g wet weight) were collected from each bin every other week, 
and mixed before analysis. Each sample hole was refilled with similar soil, and marked 
with a stake. A zone 5 to 10 cm from the bin metal partition was not sampled to eliminate 
edge effects. Samples were randomly distributed over the surface of the bin but at least 
10 cm away from each other. Part of the pooled soil core samples were processed for 
plate counts the day of sampling while the rest was air dried overnight in a fume hood. 
Dried samples were kept at -20°C to prevent microbial activity. For bins containing 
plants, roots were removed from the rest of the soil with forceps, and stored moist at 4°C. 
Therefore, analyzed soils did not contain roots. Dry weight was dete11nined placing 
approximately 3 g wet weight of soil at 105°C for 24 h, and approximately 0.5 g of roots 
at 60°C for 3 d. 
Microbial Enumeration 
Soil Samples 
Bulk soil microbial populations of four non-vegetated, non-contaminated bins 
were enumerated at 7, 119, 217 d. At 259 d, soil microbial populations of three bins from 
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all four treatments were also enumerated. In addition, at 259 d, soil microbial populations 
of three vegetated and non-vegetated contaminated bins were also enumerated sampling 
at 10- to 15-cm depths. A 10-g sample of soil was randomly removed from sample bags 
and placed in a 250-mL flask containing 90 mL of sterile diluent. Flasks were placed on a 
horizontal rotary shaker for 30 min at 200 rpm before perforrning serial dilutions. 
Root Samples 
Microbial populations were enumerated at 119 and 217 d on annual ryegrass roots 
from four contaminated and four non-contaminated bins. About 0.5 g of moist roots were 
placed in a tube containing 9 mL of sterile diluent. Tubes were vigorously shaken 50 
times by hand before perfo111ling serial dilutions. 
General Procedures 
Media were prepared with a benchtop agar sterilizer (Model AS-3 , New 
Brunswick Scientific Co. Inc.) and a automatic petri dish filler (Model MP-320, New 
Brunswick Scientific Co. Inc.). 
Series of 10-fold dilutions were completed up to 10-7. Dilutions were shaken and 
0.1-mL samples spread on O. lX Tryptic Soy Broth Agar (O. lX TSA), Actinomycete 
Isolation Agar (AIA), S 1 medium, and Rose Bengal (RB) Agar (Appendix B). To assess 
numbers of sporefo1111ers, 0.1-mL samples of diluent were also spread on O. IX TSA after 
immersing the dilution tubes in a water bath at 80°C for 10 min (O.lX TSA80; Wollum, 
1982). All plates were incubated at 28±1 °C. 
• 
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Total numbers of aerobic heterotrophs were determined by counting total colony 
fonning units (CFU) after incubation of O.lX TSA plates for 7 d (Zuberer, 1994). Fungal 
populations were dete11nined by counting fungi-like CFU on RB agar after incubation for 
3 d (Parkinson, 1994). Actinomycete numbers were dete1111ined on AIA after 11 d of 
incubation (Wellington and Toth, 1994). On SI medium, UV light was used to count 
fluorescent pseudomonads after 3 d of incubation (Gould et al., 1985). 
All results were adjusted and converted to CFU g-1 of soil or root dry weight. 
Numbers for duplicate plates were averaged and means compared on a log10 scale. A 
separate analysis of variance was perfo1111ed for each medium. All statistical tests were 
perfo11ned using SAS version 6.12 (SAS Institute, 1994). The R/S ratio (number of 
microorganisms in the rhizosphere over number of microorganisms in the bulk soil) was 
used to assess the rhizosphere effect on each microbial group selected. 
FAME Analyses of Bacterial Isolates 
After 24 to 48 h of incubation, 55 isolates from non-vegetated non-contaminated 
treatments and vegetated treatments with and without pyrene were randomly selected 
• 
from the O. lX TSA plates used for plate counts at 119 and 217 d. These 330 isolates 
were streaked on O. lX TSA plates for purity before a final streak on I .OX TSA plates. 
After 24 to 48 h of growth at 28±1 °C, about 40 mg of the 40 fastest-growing isolates 
were harvested and identified using the MIDI protocol (MIDI, Inc., Newark, DE) 
described in Sasser (1990). Briefly, bacterial cells were lysed and the released fatty acids 
converted to F AMEs. These F AMEs were analyzed with the Aero be Peak Library 
Version 4.00 on a Hewlett Packard (HP) Model 5890 gas chromatograph with a flame 
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ionization detector and a 5% methyl silicone fused silica capillary column (25 m x 2 mm 
inner diameter, 0.33 µm film), and an HP 7673A autosampler. Bacterial identification 
was perfo11ned by comparing individual FAME profiles with profiles from the TSBA40 
Library Version 4.00. A similarity index;?: 0.2 was considered a match for the genus and 
species (Sasser, 1990). 
Whole-Soil FAME Analyses 
Whole-soil F.AMEs were extracted as described by Franzluebbers et al. (1999). 
Extractions \Vere perfor1r1ed on soil from each of the 32 experimental units in the field at 
7,35,49 63 133 175 217 259and301 d. Briefly,3.0-gofair-driedsoilwasaddedtoa 
35-mL glass centrifuge tubes. Exactly 15 mL of 0.2 N KOH in methanol was added to 
each tube. Samples were incubated in a 3 7°C \\'ater bath for 1 h and vortexed every 10 
min. Tubes were removed from the water bath and 3.0 mL of 1 M acetic acid solution and 
10 mL of hexane \\'ere added. Tubes were centrifuged at 480 X g for 20 min at 4 °C. 
About 3/4 of the hexane supernatant from each sample \\'as transferred to a disposable 
test tube. Tubes \\'ere placed in a 40°C \\'ater bath \\'here hexane e\1aporated under a 
steam of nitrogen gas. The F1™E precipitate in each tube v.'as redissolved in 0.5 mL of 
hexane/methyl tert-butyl ether ( 1: I v/v) solution and transferred to a 2-mL sampling vial. 
Samples were analyzed with a HP 5890 gas-liquid chromatograph equipped with an HP 
Ultra 2 capillary column (crosslinked phenyl methyl siloxane, 0.2 mm by 25 m) and a 
flame ionization detector. 
To dete1111ine an)' effects of pyrene on the whole-soil FAME profile, pyrene 
alone and pyrene addition to already extracted soil was analyzed with the gas-liquid 
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chromatograph. Under these conditions, pyrene did alter the following fatty acids: SF8, 
SF9, 17:0 Iso 30H, 18:lro9c, 18:lro8t, and 18:lro5c. These fatty acids, as well as fatty 
acids with an average total area <500, were dropped from profiles before analysis. 
Statistical analyses were perfonned with 65 F AMEs with SAS. A separate analysis of 
variance with the treatment factors pyrene and ryegrass was perf onned for each fatty acid 
(P = 0.05). Clusters were identified using principal component analyses (PCA) and the 
most representative fatty acids of each cluster were determined using discriminant 
analyses. All F AMEs significantly different between time periods and treatments were 
screened for a possible association with a particular group of organisms, as defined in 
Cavigelli et al. (1995 ; Appendix C). 
Results and Discussion 
Depth and Rhizosphere Effects on Soil Microbial Numbers 
The number of aerobic heterotrophs in the top 7.5-cm of soil was not significantly 
different between non-rhizosphere and rhizosphere soil, with a RJS ratio of 0.79 (Table 
4). However, samples were collected less than 2 wk after ryegrass died and the 
decomposition of roots in the soil following the end of a plant cycle provides a great 
additional source of organic matter, usually known to enhance microbial numbers 
(Kennedy, 1998). In contrast, at a depth of IO to 15 cm, numbers of aerobic heterotrophs 
were higher in rhizosphere than in non-rhizosphere soil. The RJS ratio of 4.5 is consistent 
with values reported in the literature (Rouatt et al. , 1960; Rovira, 1956). However, most 
studies reporting that plant roots enhanced microbial populations do not indicate the 
depth at which soil was collected (Lee, 1993). Close to the surface, favorable conditions 
Table 4. Microbial numbers in soil collected from vegetated (rhizosphere soil) and non-vegetated (non-rhizosphere soil) contaminated 
bins at Oto 7.5-cm and 10 to 15-cm depths at 259 d (mean from three replicates+ one standard deviation). 
Oto 7.5 cm depth 10 to 15 cm depth 
Microbial type rhizosphere Non-rhizosphere RJSt rhizosphere Non-rhizosphere R/S 
Total aerobe 
heterotrophs 
Pseudomonads 
fluorescent 
Fungi 
Spore fo1111ers 
Actinomycetes 
- Log10 CFU g-1 soil dry weight Log 10 CFU g-1 soil dry weight -
7.82 ± 0.29 at 7.92 + 0.16 a 0.79 7.83 ± 0.28 a 7.18 + 0.08 b 
3.39 + 0.95 a 2.78 ± 0.29 a 4.07 3.94 + 0.28 c 0.58± 1.01 b 
5.46 + 0.12 b 5.04 + 0.16 a 2.63 4.89 + 0.39 a 4.92 + 0.23 a 
6.41 ± 0.13a 6.50 ± 0.30 a 0.81 6.44 ± 0.18 a 6.84 + 0.23 a 
6.48 + 0.42 a 6.32 + 0.36 a 1.45 4.70 ± 2.67 a 6.18 + 0.13 a 
4.47 
2291 
0.93 
0.40 
0.03 
t The R/S ratio (number of microorganisms in the rhizosphere over number of microorganisms in 
the non-rhizophere soil) is calculated with arithmetic values. 
t Means within a row followed by the same letter do not differ significantly (a == 0.05). 
w 
0 
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to aerobic heterotrophs include relatively high temperatures, good sources of carbon from 
organic matter, and favorable oxygen tensions. Deeper in the profile, environment factors 
become less favorable and total bacterial numbers drop (Alexander, 1998). Total aerobic 
heterotroph numbers from bare soil significantly dropped when sampling deeper. 
Nevertheless, total bacterial numbers from rhizosphere soil remained similar at both 
depths. This may be because carbon becomes a limiting factor for microbial growth as 
the organic matter decreases with depth in a non-rhizosphere soil. In a rhizosphere 
environment, root exudates reduce this C deficit. 
Numbers of fluorescent pseudomonads were statistically higher in the presence of 
roots than in bulk soil, and this difference increased with depth. The RJS ratio increased 
from 4.1 in the top layer to 2300 deeper in the profile. The pseudomonads usually have a 
large R/S ratio because they benefit from the simple molecules released from the roots 
(Kennedy, 1998). 
Sporefo1111ers ranged from 6.41 to 6.84 log10 CFU g-1 soil dry weight. No 
rhizosphere effect was detected at any sampling depth. Within the same treatment, the 
sporefo1111er population did not significantly differ with depth either. Sporefo1111ers were 
less affected by depth than the total population of aerobic heterotroph probably because 
their ability to fo1111 spores allows them to resist harsh conditions better than other 
microbes (Alexander, 1998). 
Fungi averaged at 5.08 log1o CFU g-1 soil dry weight. Numbers from both depths 
and both treatments were similar, except for the surface rhizosphere soil, which were 
slightly higher than the rest and yielded a RJS ratio greater than 2.5. Similar to the fungi, 
depth or presence of roots did not affect the number of actinomycetes. They usually have 
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small R/S ratios and their population depends more on the season or the timing of 
nutrient additions (Papavizas and Davey, 1961). 
Root and Bare Soil Microbial Enumeration 
Pyrene did not affect root microbial numbers for any of the five selected 
microbial types at 119 or 217 d (Table 5). Numbers of total aerobic heterotrophs, 
sporefor 111ers, fungi and actinomycetes were not statistically different at 119 and 217 d. 
However, numbers of fluorescent pseudomonads increased > 100-fold. This is probably 
because of an increase in the amount of root exudates released. 
Numbers of selected microbes from non-contaminated bare soil at 7, 119, 217, 
and 259 d were not statistically different over time, except for a low number of 
actinomycetes at 7 d and no fluorescent pseudomonads at 119 d. All numbers were 
consistent with those found in the literature (Papavizas and Davey, 1961; Rouatt et al., 
1960). Because the soils \\'ere maintained at a constant moisture level with no nutrient 
limitations, this probably stabilized the soil bacterial population at a certain level. 
Nevertheless, important changes in soil microbial composition might have occurred. 
Song and Bartha ( 1990) reported that after 2 wk of exposure to jet fuel at 50 to 135 mg 
hydrocarbon g-1 of soil aerobic hydrocarbon-degraders increased from 0.01 to 90°/o of the 
total bacterial population, with little effect on total CFU. 
FAME Analyses of Bacterial Isolates 
On average, 3.3% of bacteria were unidentified because of lack of growth, no 
match with the MIDI library, or a similarity index< 0.2. Results are expressed in te11ns of 
Table 5. Microbial numbers in soil from non-vegetated non-contaminated bins and on roots from contaminated and non-contaminated 
bins (mean from four replicates± one standard deviation). Samples were collected at the 0- to 7.5-cm depth. 
Microbial !YQ_e 
Total aerobic 
heterotrophs 
Fluorescent 
pseudo monads 
Fungi 
Spore fo1111ers 
Actinomycetes 
Soil; non-vegetated, non-contaminated bins Roots; non-contaminated bins Roots; contaminated bins 
7d 119d 217d 259d 119d 217d 119d 217d 
--- ---Log 10 CFU g-1 soil dry weight Log10 CFU g-1 root dry weight 
7.89 ± 0.06 at 7.83 ± 0.16 a 7.46 + 0.34 a 7.81 + 0.33 a 8.80±0.19a 8.76±0.19a 9.21+0.76a 8.98±0.13a 
3.23±1.16a Ob 1.37 + 1.58 a 2.82 + 0.41 a 2.20 + 2.60 a 4.63 + 0.91 b 2.08 + 2.42 a 4.73 + 0.83 b 
5.43±0.18a 5.72±0.20a 5.86 ± 0.30 a 5.29 + 0.10 a 7.66 + 1.23 a 6.62 + 0.40 a 7.01 + 0.40 a 6.75 + 0.43 a 
6.62 + 0.14 a 6.66 + 0.10 a 6.57 + 0.15 a 6.71+0.lla 7.02 ± 0.25 a 6.75 + 0.32 a 7.03 + 0.31 a 6.72 + 0.57 a 
5.71 + 0.16 b 6.48 + 0.19 a 6.19 + 0.46 a 6.53 + 0.17 a 6.95 + 0.10 a 7.04 + 0.42 a 7.01 ± 0.24 a 7.46 + 0.41 a 
t Means within a row, for root or soil values, followed by the same letter do not differ significantly (a= 0.05). 
w 
w 
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percentage of one species over the total number of identified bacteria (Table 6). Some 
similarities between duplicates in terms of relative bacterial composition were present. 
However, due to a lack of reproducibility, the interpretation of the results is restricted to 
general statements. Bacillus megaterium and Cellulomonas fimi dominated the soil 
populations at both 119 and 217, representing close to 30% and 60% of isolated bacteria 
in February and May, respectively. These species represented a lower proportion of 
bacteria isolated from roots. Similar results have been observed with other soil types and 
crops (Skipper et al., 1999). Pseudomonas putida and Arthrobacter 
protomorphiae/ramosus were commonly isolated from roots but not soil. No distinct 
difference appeared between roots from contaminated and non-contaminated treatments. 
Numbers of different species or genera isolated were not statistically different by 
treatment or by month, and no interaction was detected. 
Differences between duplicates reflect, in a large measure, the heterogeneity of 
the large bacterial community of soil and roots (Kloepper and Beauchamp, 1992). 
Bacteria commonly reach over 108 individuals per gram of soil, representing maybe as 
many as 104 to 106 different species (Wollum, 1998). By extracting DNA from a soil 
sample and dete1111ining the rate of association of the DNA, Torsvik et al. (1990) 
estimated 4,000 genetically different kinds of bacteria to be present in a single soil 
sample. On average, we isolated only 16 different culturable bacterial species for each 
sample analyzed, suggesting that our isolation techniques yielded a biased sampling of 
the soil bacterial population. Cavigelli et al. (1995) compared profiles of FAME extracted 
from the entire plated community of soil microorganisms with FAME extracted directly 
0 
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Table 6. Percentage of species present on roots from contaminated and non-contaminated bins and in soil from non-contaminated non-
vegetated bins, collected at 119 and 217 d. 
Soil from non-contaminated Roots from Roots from 
non-vegetated bins non-contaminated bins Contaminated bins Taxonomic name Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 Duplicate 1 Duplicate 2 
119 d 217 d 119 d 217 d 119 d 217 d 119 d 217 d 119 d 217 d 119 d 217 d 
o/o 
Arthrobacter globiformis t 10 10 9 25 
Arthrobacter histidinolovorans 8 16 8 9 
Arthrobacter ilicis 8 
Arthrobacter protomorphiae/ramosus 29 8 8 18 
Bacillus helvolum 13 
Bacillus megaterium 23 38 13 26 13 26 13 9 
Brevibacillus agri 8 
Brevibacillus brevi 8 
Burkholderia glathei 8 
Cellulomonas fimi 10 30 8 23 34 23 8 15 9 9 
Kocuria kristinae 8 8 13 
Kocuria varians 8 8 
Micrococcus luteus 8 10 
Nocardia globerula 19 
Paenibacillus polymyxa 8 8 10 
Pseudomonas putida 8 16 31 15 
Rhodococcus erythropolis 24 
Variovorax paradoxus 8 
Other species 51 24 24 33 45 29 33 33 29 52 60 44 
Total number of SQecies isolated 19 12 16 16 14 14 14 22 17 16 18 16 
t Blank indicates either the bacteria was not detected or the percentage was below 7. 
w 
Vl 
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from the soil. Results for plated communities and whole-soil communities were different, 
suggesting that some microorganisms present in soil did not grow on media. 
Whole-Soil FAME Analyses 
Statistical analyses of whole-soil FAME profiles showed that the soil microbial 
community structure shifted over time for all treatments. In addition to these seasonal 
shifts, a distinct shift correlated with the start of pyrene dissipation in soil around Day 
175. Indeed, pyrene degradation followed a biphasic pattern (Fig. 3· Appendix D). 
Vegetated and non-vegetated treatments had a similar 175-d lag period, but in a second 
phase, pyrene dissipation followed first-order kinetics. In this second phase, the presence 
of annual ryegrass significantly decreased the pyrene first-order degradation rate from 
0.098 ± 0.0 IO to 0.034 ± 0.003 d-1• 
Using PCA analysis \vhole-soil F M1E profiles of contaminated treatments , both 
vegetated and non-\1egetated di\1ided on a t\vo-dimensional plot into two clusters that 
encompassed each of the tvlo pyrene-removal phases (Fig. 4) . No such shift took place in 
non-contaminated treatments (Fig. 5) . Thus this shift is \; ery likely associated vv1ith the 
development of a pyrene-degrading microbial population. The fatty acids primarily 
involved in this shift were different for egetated (20:0, C9 dicarboxylic acid C 18 N 
Alcohol) and non-vegetated treatments (22: I w9c, 16:2 w6c, 19: 1 w 11 c) except for 19: 1 
ro8 Alcohol which was involved in both cases. These fatty acids are important because 
they might represent microbes involved in pyrene removal but none of them are knovm 
"biomarkers" of a specific group of microorganisms 
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-10 -5 0 5 10 
Principal Component 1 
Fig. 4. Cluster plot from principal component analysis of whole-soil FAME 
profiles of non-vegetated (A) and vegetated (B) contaminated treatments from 
Day 7 to Day 301. In A, principal components 1 and 2 captured 28 and 11 % of 
the variance, respectively. In B, principal components 1 and 2 captured 20 and 15 
% of the variance, respectively. 
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Fig. 5. Cluster plot from principal component analysis of whole-soil FAME 
profiles of non-vegetated (A) and vegetated (B) non-contaminated treatments 
from Day 7 to day 301. In A, principal components 1 and 2 account for 16 and 
13% of the variance, respectively. In B, principal components 1 and 2 account for 
21 and 13% of the variance, respectively. 
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To identify specific differences in whole-soil FAME profiles due to the presence 
of plants and pyrene, these profiles were also compared by perf onning a separate analysis 
of variance (P < .05) for each fatty acid and at each time period (Fig. 6; Appendix E). The 
presence of plants increasingly altered the microbial community structure as roots 
developed and matured in the soil. A peak in the number of significantly cliff erent fatty 
acids occurred before ryegrass senescence around Day 245. After ryegrass died, 
differences among vegetated and non-vegetated treatments appeared to decrease linearly. 
Additional PCA analyses confir111ed these results (data not shown). The separation on a 
cluster plot between vegetated and non-vegetated whole-soil FAME profiles of a single 
time period became more and more distinct from Day O to Day 21 7. This separation 
became less and less distinct after ryegrass death. Most of the differences in the whole-
soil FAME profiles of vegetated and non-vegetated treatments were due to 16 fatty acids 
whose relative presence decreased in the presence of roots. Some of these fatty acids 
(15:0 Iso, 15:0 Anteiso, 17:0 Iso, 17:0 Anteiso) are ''biomarkers'' for gram-positive 
bacteria (Cavigelli et al., 1995). Such a decrease in the percentage of gram-positive 
bacteria in the rhizosphere has been observed for diverse crops and soil types by isolation 
on selective media or individual FAME (Mclnroy and Kloepper, 1995; Skipper et al., 
1999). The proportion of the gram-negative-associated 18:0 20H also decreased, 
although gram-negative bacteria are known to occupy a portion of the total bacterial 
population larger in rhizosphere than non-rhizosphere soil (Kennedy, 1998). Olexa 
( 1999) found a similar trend with this particular fatty acid. The fatty acids that increased 
in presence of plants were 14: 0 Iso, 17: 1 co8c, and 18:2 co6c, the latter being associated 
with fungi (Cavigelli et al., 1995) 
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The presence of pyrene initially induced large changes in whole-soil FAME 
profiles (Fig. 6). The number of fatty acids significantly different between contaminated 
and non-contaminated soils decreased irregularly from Day 7 to Day 301, but did not 
reach zero once pyrene concentration decreased below the detection limit. There was no 
significant change in the number of these fatty acids when pyrene disappearance started 
to follow first-order kinetics. PCA analyses confi1111ed these results. Clusters between 
contaminated and non-contaminated whole-soil FAME profiles were very distinct at each 
time period from day 7 to day 301 (Appendix F, example at Day 217). Because of its 
toxicity, pyrene might have induced the development of a pyrene-tolerant microbial 
community, causing long-te1111 shifts in whole-soil FAME profiles. From the 29 primary 
fatty acids involved in these shifts over all time periods, 17 had lower proportions in the 
presence of pyrene. These included 18:3 ro6c and 18:2 co6c., both associated with fungi. 
Thus, pyrene might have inhibitory effects on certain types of fungi. Overall, no F AMEs 
commonly associated with gram-positive or gram-negative bacteria were affected by 
pyrene. The proportion of 20:3 ro6c, associated with protozoa (Cavigelli et al., 1995), 
consistently increased in the presence of pyrene. However, the number and the type of 
fatty acids significantly different between contaminated and non-contaminated treatments 
presented irregularities from one time period to the other, reflecting seasonal or other 
population shifts. In Fig. 4 and 5, whole-soil FAME profiles of a same time period tend 
to be close to each other. These seasonal shits are relatively small when compared to the 
shift that occurred at the end of the lag phase in contaminated treatments (Fig. 4). 
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Summary· and Conclusions 
In non-rhizosphere soil, total aerobic heterotrophs decreased with depth. In 
contrast, shallow and deep samples of rhizosphere soil showed similar numbers. The 
same trend was also observed for fluorescent pseudomonads. Although sporeforrners, 
actinomycetes and fungi did not show similar patterns, they represented together only 5 
to I 0% of the total bacterial population. The presence of roots in the top layer of soil, 
where microbial growth conditions are favorable, increased microbial numbers only 
slightly. At greater soil depth, where carbon might become a limiting factor, root 
exudates likely created a substantial rhizosphere effect by reducing the C deficit. The 
exact depth at which roots improved growth conditions was not dete11nined, but it is 
probably site-specific and, as demonstrated, varies with microbial types. 
Managing the bioremediation system with constant soil moisture and optimum 
nutrient conditions kept culturable microbial numbers stable. The presence of pyrene had 
no effect on root microbial numbers. The number of fluorescent pseudomonads on roots 
doubled over 100 d, probably as roots matured and released more exudates. A 
rhizosphere effect was identified at 259 din the top 7.5-cm of soil only for fluorescent 
pseudomonads and fungi , with R/S ratios of 4.5 and 2.5, respectively. At a 10- to 15-cm 
depth, a rhizosphere effect was identified for fluorescent pseudomonads and total aerobe 
heterotrophs, with RJS ratios of 500 and 4.5, respectively. 
Qualitative differences in rhizosphere versus non-rhizosphere soil microbial 
populations were characterized by whole-soil FAME. Important changes closely followed 
root development. Pyrene effects on the soil microbial community structure were also 
43 
significant, suggesting microbial shifts associated with the presence or the previous 
presence of the contaminant. 
Qualitative microbial shifts occurred over time and an additional shift correlated 
with the two phases of pyrene degradation. The primary fatty acids involved in this shift 
were different in the presence and absence of ryegrass. Further studies could associate 
these fatty acids with specific microbial groups or microbes of great interest for 
bioremediation purposes. 
Few previous studies have examined the effects of plants on microbial community 
structure. The whole-soil FAME technique, along with appropriate statistical analyses, 
proved effective in providing meaningful data. 
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Appendix A 
Canopies purpose and desi~. 
Due to its high hydrophobicity, pyrene binds to soil particles and is usually 
immobile in soil. Pyrene is also an acutely toxic chemical and a suspected carcinogen. 
For safety reasons, containment of pyrene in the purposely-contaminated bins was 
absolutely necessary. Each bin was covered with a canopy to prevent flooding, leaching, 
and raindrop dispersion of pyrene absorbed onto soil particles. For the consistency of the 
experimental design, canopies were placed on top of each of the 32 bins used in the 
experiment, including non-contaminated bins. These canopies were specially designed to 
meet the requirements of the experiment. 
Allowing airflow over the plants for circulation of atmospheric gases was 
necessary for good plant growth. Temperature build-up by greenhouse effect under the 
canopy was also a concern because ryegrass is not a drought tolerant species. Canopies 
were held on 60-cm high metal legs. Thus, the canopy lower part was about 30 cm above 
the top of the bin steel drums. In addition, a 25x4-cm vent was designed on each side of 
the canopy to avoid accumulation of hot air. These openings were small so as to restrict 
entry of rain. No temperature difference was measured between inside and outside of the 
canopies. A 6 mill transparent plastic sheet was used to allow light to reach plants 
growing underneath. Canopies were designed in such a way that rain at a 45° angle 
( conservative limit usually accepted for a windy sto1111) could not reach the bin. 
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Allowing easy access to bins under the canopies was necessary ( e.g., to mow the 
grass growing under the canopies, to collect samples, or to water the soil in each bin). 
Thus, a frame that could be easily flipped over by one person was designed. 
After each heavy rain, sto1111, or snowfall, each of the canopies was checked. 
Deteriorated canopies were quickly covered with pre-cut plastic sheets. Canopies were 
repaired in order of priority: non-vegetated contaminated bins, the ones with pyrene 
alone, then those with ryegrass and pyrene, those with ryegrass only, and finally the 
remainder of them. Hard wind and violent rain did not destroy metal frames over the 10-
month experiment. 
I would like to thank all the people that helped for designing, building, and 
maintaining the 32 canopies, and especially Mr. J.S. Shirley, Mr. B.C. Morton, Mr. R.H. 
Gambrell, Dr. J.C. Hayes, and Mr. C.W. Myers. 
, - • ' 
l 
Solidified 1/10 Strength 
Tryptic Soy Broth Agar 
Tryptic Soy Broth 3 
Agar 15 
Cycloheximide 0. t 
--··--·-·--···-
Appendix B 
-
Chemical composition of mediat and diluent (buffer) used for plate count. 
Actinomycete 
Isolation Agar 
Actinomycete 
Isolation Agar 22 
Glycerol 5 
Cycloheximide O l 
SI medium 
Material (g L-1 H20) 
Sucrose 
Casamino acids 
NaHC03 
MgS04.7H20 
K1HP04 
Glycerol 
Sodium Lauroyl Sacrosine 
Agar (Bacto) 
TrimethroQ_rim 
Rose Bengal Agar 
10 Agar 20 
5 K2HP04 1 
1 MgS04.7H20 0.5 
I Peptone 5 
2.3 Dextrose 10 
12.5 Rose Bengal 0.033 
1.2 Streptomycin 0.03 
18 
0.02 
tMedia was sterilized by autoclaving at 121 °C for 20 min and kept at 50°C before dispensing. 
Diluent 
NaP207 1.7 
6NHCI 0.7 mL 
Glycerol 10.1 
.J::. 
~ 
Appendix C 
Biomarker fatty acids associated with specific group of microorganisms, 
adapted from Cavigelli et al. (1995). 
Group of Organisms 
Gram-positive bacteria 
Gram-negative bacteria 
Fungi 
Protozoae 
Fatty Acid 
15:0 Iso 
15:0 Anteiso 
17:0 Iso 
17:0 Antesio 
15:0 20H 
15:0 30H 
18:0 20H 
18:2 co6c 
18:3 co6c 
20:0 30H 
20:2 co6c 
20:3 co6c 
20:4 co6c 
48 
49 
Appendix D 
Pyrene cQncentrations in vegetated and non-vegetated soil (mean from eight replicates± 
one standard deviation), over 300 days from 19 October1998 (day 7) to 9 August 1999 
(day 301). 
Days 
7 
21 
49 
91 
133 
175 
189 
217 
259 
301 
Vegetated soil Non-vegetated soil 
--mg kg-1 soil dry weight--
555 ± 7Iat 588 ± 82a 
646 ± 108a 609 ± 8 la 
460 ± 61a 460 ± 7la 
582 ± 128a 593 ± 106a 
302 ± 81a 409 ± IO lb 
492 ± 11 la 470 ± 153a 
338 ± 88a 254 ± 136b 
168 ± 9la 8 ± 7b 
89 ± llOa O±Ob 
Oa Oa 
tValues for a given day followed by the same letter 
are not statistically different (a= 0.05). 
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Appendix E 
Example Qf SQil FAME ~rQfiles data for the 32 treatment uni~ at day 301. 
Results for four fatty acids (variables) out of a total of 65 are shown. 
Fatty acid 15:0 Iso 16:1 IsoG 20:4 w6c 16:1 wSc 
SAS fatty acid variable 150 ISO 161ISOG 204 W6C 161 WSC 
- - -
- - - -Pyrene Plant Replicate 
No No 1 4.83 0.67 1.00 1.71 
No No 2 4.82 0.76 0.76 1.57 
No No 3 3.93 0.68 0.89 1.09 
No No 4 4.93 0.70 1.08 2.20 
No No 5 4.81 0.62 0.68 2.60 
No No 6 5.17 0.59 0.75 2.68 
No No 7 4.55 0.77 0.84 1.55 
No No 8 5.51 0.72 0.72 1.82 
No Yes 1 4.98 0.78 0.65 1.71 
No Yes 2 5.39 0.54 1.03 2.24 
No Yes 3 4.95 0.82 0.79 1.85 
No Yes 4 5.17 0.69 0.99 2.44 
No Yes 5 5.03 0.78 0.93 2.38 
No Yes 6 4.46 0.65 1.25 1.93 
No Yes 7 4.11 0.71 1.03 1.21 
No Yes 8 4.77 0.82 0.83 1.64 
Yes No 1 5.04 0.31 1.12 1.45 
Yes No 2 4.91 0.58 0.65 2.04 
Yes No 3 4.66 0.40 0.91 1.52 
Yes No 4 4.85 0.49 0.64 2.31 
Yes No 5 4.66 0.58 0.94 1.65 
Yes No 6 4.28 0.49 0.37 2.38 
Yes No 7 4.07 0.00 0.91 1.88 
Yes No 8 4.60 0.00 0.90 1. 75 
Yes Yes 1 4.79 0.38 1.06 3.18 
Yes Yes 2 4.56 0.00 0.99 3.19 
Yes Yes 3 4.59 0.68 1.03 2.64 
Yes Yes 4 4.78 0.37 0.79 2.70 
Yes Yes 5 4.49 0.38 0.94 1.92 
Yes Yes 6 4.82 0.00 1.96 2.08 
Yes Yes 7 4.79 0.00 0.91 2.95 
Yes Yes 8 4.99 0.50 1.34 3.29 
Non-contaminated bins a.verage 4.84 0.71 0.89 1.91 
Contaminated bins average 4.68 0.32 0.97 2.31 
Significantly different by pyrene No Yes No Yes 
Non-vegetated bins average 4.73 0.52 0.82 1.89 
Vegetated bins average 4.79 0.51 1.03 2.33 
Significantly different by plant No No Yes Yes 
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Appendix F 
Cluster plots from principal component analysis of whole-soil FAME profiles of 
non-vegetated (A) and ve~etated (B) treatments at Day 217. 
5 
3 
1 
•• 
-1 
-3 
-5 • contaminated 
non-contaminated 
-7 
-15 -10 -5 0 5 10 
Principal component 1 (42°/o) 
8 
• contaminated 
6 non-contaminated 
4 
2 
0 
-2 
-4 
-10 -8 -6 -4 -2 0 2 4 6 8 
Principal component 1 (30o/o) 
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